x o '<■*>  x Zi  o v d\f 


AMMRC  TR  79-24 


AD 


PHASE  RELATIONSHIPS  AND  REACTION  SINTERING  OF 
TRANSPARENT  CUBIC  ALUMINUM  OXYNITRIDE  SPINEL 


May  1979 


DDC  file 


n 


Approved  for  public  release;  distribution  unlimited. 


ARMY  MATERIALS  AND  MECHANICS  RESEARCH  CENTER 
Watertown,  Massachusetts  02172 


7q  o 7 


UNCLASSIFIED 


security  classification  of  this  paoe  d»i» 


REPORT  DOCUMENTATION  PAGE  befoEReDc^ple™gNforu 


2.  GOVT  ACCESSION  NO.  >■  RECIPIENT'S  CATALOG  NUMBER 

AMMRC-TR-79-24  f 


TITLE  (end  Subtitle) 


S.  TYPE  OF  REPORT  A PERIOD  COVERED 


^PHASE RELATIONSHIPS  AND  REACTION  SINTERING~7 
*t)F  TRANSPARENT  CUBIC  ALUMINUM  OXYNITRIDE  / 
SPINEL  , £ £ f 


7..  author^ 


James  W. 

McCauley«a*l' Normand  D. 

Corbin 

it 

r 

t.  CONTRACT  OR  GRANT  NUMBERfO 


Army  Materials  and  Mechanics  Research  Center 

Watertown,  Massachusetts  02172 

DRXMR-EO 


II.  CONTROLLING  OFFICE  NAME  ANO  AOORESS  

U.  S.  Army  Materiel  Development  and  Readiness/ 
Command,  Alexandria,  Virginia  22333  xl_ 


. MONITORING  AGENCY  NAME  A AOORES *//  dtttSrtwe-h^ 

(/^ 


^L-Fxm!irr*.wm% 

Mil 


IS.  SECURITY  CLASS,  (ol  Ihle  report) 


Unclassified 


1S«.  DECLASSl  FI  CATION/ DOWN  GRADING 
SCHEDULE 


ft.  DISTRIBUTION  STATEMENT  (of  thlm  Report) 

Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  the  ebatrect  entered  in  Block  70.  If  different  from  Report) 


It.  supplementary  NOTES 


The  report  has  already  been  accepted  for  publication  in  the  Journal  of 
American  Ceramic  Society. 


It.  KEY  WORDS  fConNnu*  on  rtvtnt  aide  It  neceaamry  end  Identify  by  block  number) 


Spinel  Sintering 

Phase  equilibrium  Aluminum  oxynitride 

Aluminum  oxide 
Aluminum  nitride 


20.  ABSTRACT  (Continue  on  reverae  aide  It  neceaaery  end  Identity  by  block  number) 


(SEE  REVERSE  SIDE) 

J-OS 


SiM- 


D ( 73  1473  |/«ITION  OF  I NOV  6S  IS  OBSOLETE 


UNCLASSIFIED  * 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dele  Entered) 


UNCLASSIFIED 


ticuNiTv  classification  or  this  p Aoir*fc«i  d»i» 


Block  No.  20 


K 


ABSTRACT 


A new  isobaric,  condensed  phase  diagram  in  the  region  of  stability 
of  cubic  aluminum  oxynitride  spinel  (ALON)  along  the  pseudobinary  AI2O3- 
A1N  composition  join  is  presented,  deduced  primarily  from  various  ana- 
lytical measurements  and  microstructural  observations.  It  is  :hown  that 
cubic  aluminum  oxynitride  spinel  melts  incongruently  at  about  2050  C and 
is  compositional ly  centered  at  about  35.7  mole  % AIN  which  is  equivalent 
to  the  following  stoichiometric  composition:  Al2~3027N5  orC5  A1N«9  AI2O3 
Single-phase  ALON  material  sintered  to  nearly  full  density  exHTbTts 
transparency  in  visible  light. 
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INTRODUCTION 


Polycrystalline  aluminum  oxide-based  ceramics  are  a very  important  family  of 
advanced  structural  ceramic  materials.1  In  its  pure,  single -crystal  form,  however 
aluminum  oxide  is  an  anisotropic  material,  showing  significant  directional  varia- 
tion in  properties,  such  as  optical  and  thermal  expansion.  As  a result,  true 
optical  transparency  of  polycrystalline  AI2O3  is  impossible,  unless  all  the  grains 
are  identically  oriented.  Further,  significant  strain  can  result  at  grain  bound- 
aries due  to  thermal  expansion  mismatch  of  misoriented  grains.2  An  alternate  ap- 
proach to  this  inherent  problem  is  the  stabilization  of  a cubic  AI2O3  structure. 

A defect  cubic  spinel,  Y-AI2O3,3  can  be  prepared  in  powder  form,  but  fully  dense 
ceramics  have  not  been  reported  due  to  the  ease  of  conversion  to  the  more  stable 
alpha  form  at  moderate  temperatures  (>1000  C).l>>5  However,  it  has  been  known  for 
some  time6  that  nitrogen  additions  to  AI2O3  in  the  form  of  AIN  can  produce  spinel- 
like structures.  Since  that  time  various  efforts  have  been  made  to  understand  the 
phase  equilibria  in  this  system.7-9  The  phase  diagrams  do  not,  however,  indicate 
the  temperature  limits  of  stability  for  the  Y-AI2O3  type  oxynitride  material,  nor 
has  single-phase  material  been  successfully  sintered.  This  report  describes  the 
results  of  a program  concerned  with  refining  the  temperature-composition  stability 
limits  of  cubic  aluminum  oxynitride  spinel  (ALON  - nitrogen-stabilized  cubic  alu- 
minum oxide)  so  that  fully  dense,  single-phase  ceramics  could  be  sintered. 


EXPERIMENTAL 

Sintering  and  phase  equilibria  studies  were  carried  out  in  an  inductively 
heated  graphite  furnace  using  flowing  N2  (1/2  liter  per  minute  at  about  1 atm). 

The  starting  powders  of  Y-AI2O3*  (1.1  urn  at  50%)  and  AIN*  (14  ym  at  50%)  were  ball 
milled  for  24  hours  in  alumina  mills  with  alumina  balls  using  an  ethanol  fluid 
media,  isostatical ly  pressed  at  25,000  psi , and  prerreacted  at  1200  C for  24  hours 


•Cerac/Purc  Inc.,  Butler.  Wisconsin 

1.  BARATA,  J.,  anil  GORNI,  J.  Improvements  In  Mechanical  anil  Electrical  I'roperties  of  Alumina.  Powder  Metallurgy  International, 
v.  4.  1972,  no.' 3.  p.  124-128  ami  no.  4,  p.  201-203. 

2.  CAMPBELL,  W.  J..  and  GRAIN,  C.  Thermal  Expansion  of  Alpha  Alumina.  Bureau  of  Mines  Report  of  Investigation  No.  5757, 

1961.  16  pages. 

3.  WKPERS,  K„  ami  BELL,  G.  M.  Oxides  and  Hydroxides  of  Aluminum.  Technical  Paper  No.  19,  Alcoa  Research  Laboratories, 

1972,  51  pages. 

4.  JELLINF.K.  M.  II.,  and  EANKUCI1EN,  1.  X-Ray  Diffraction  Examination  of  Gamma  Alumina.  Ind.  and  Eng.  Cheni.,  v.  37,  no.  2, 
1945.  p.  158-163. 

5.  STEINER,  C.  J.  P„  HASSELMAN,  D.  P.  11.,  and  SPRIGGS,  R.  II.  Kinetics  of  the  Gamma-to-A!pha  Alumina  Phase  Transformation. 
J.  Am.  Oram.  Soc..  v.  54,  no.  8,  1971,  p.  412-413. 

6.  ADAMS,  1.,  AU  COIN,  T.  R.,  and  WOLFF,  G.  A.  Luminescence  in  the  System  AI^Oy-AIN.  J.  EIcctrochem.  Soc.,  v.  109,  1962, 
p.  1050-1054. 

7.  LEJUS,  A.  Formation  at  High  Temperature  of  Nonstoichiometric  Spinels  and  of  Derived  Phases  in  Several  Oxide  Systems  Based  on 
Alumina  and  in  the  System  Alumina-Aluminum  Nitride.  Rev.  Int,  Ilautes  Temp.  Refract.,  v,  1,  no.  1,  1964,  p.  53-95. 

S.  IRENE,  E.  A.,  SILVESTRI,  V.  J.,  and  W00L110USE,  G.  R.  Some  I'roperties  of  Chemically  Vapor  Deposited  Films  of  AlxOvN: 
on  Silicon.  J.  Electron,  Mat.,  v.  4,  1975,  p.  409-127. 

9.  GAUCKLER,  L.  J.,  and  PET7.0W,  G.  Representation  of  Multicomponent  Silicon  Nitride  Based  Systems.  Nitrogen  Ceramics, 

F.  L.  Riley,  ed„  Noordhoff,  Leyden,  1977,  p.  41-62. 


1 


in  gas  tight  flowing  N2 , prior  to  final  sintering  studies.  Only  small  amounts  of 
impurities  were  picked  up  in  the  ball-milling  procedure.  However,  more  sophisti- 
cated sintering  studies  would  require  an  improved  mixing  procedure. 

Final  reaction  and  sintering  runs  at  elevated  temperatures  were  carried  out 
for  one  hour  so  that  direct  comparison  between  runs  could  be  made.  Weight  loss 
was  determined  for  each  specimen  and  each  was  characterized  by  X-ray  diffraction 
and  reflected  light  microscopy.  Density  measurements  and  transmitted  light  micros- 
copy were  also  carried  out  on  selected  products.  Our  fundamental  premise  is  that 
we  are  attempting  to  deduce  the  high  temperature  equilibrium  relations  and  sinter- 
ing mechanisms  from  the  resultant  products.  Without  the  use  of  sophisticated 
apparatus,  volatility  is  extremely  difficult  to  suppress,  so  quantitative  measure- 
ments of  weight  loss  will  yield  useful  information  on  vapor  phase  formation.  The 
reaction  samples  were  contained  in  a covered  BN  crucible  with  a sight  hole  for 
pyrometric  temperature  measurement.  Neutron  activation  analysis  of  the  AIN  indi- 
cated 1.7  wt°t>  (a-1.5  mole  % AI2O3)  oxygen.  The  AIN  powder  also  contained  about  1 
to  2 wt'a  of  unnitrided  A1  metal  powder. 


RESULTS  AND  DISCUSSION 

Figure  1 illustrates  the  temperature-composition  stability  limits  for  cubic 
aluminum  oxynitride  spinel  (ALON)  in  the  A1203-A1N  system  for  i atm  of  flowing  N2 
gas.  The  phase  relationships  were  deduced  from  careful  analyses  of  both  micro- 
structural  and  X-ray  diffraction  data.  The  AI0O3-AIN  system  is  a pseudobinary 
composition  join  in  the  Al-N-0  system.  Hence,  the  phase  rule  allows  for  phase 
fields  with  up  to  three  coexisting  phases.  The  designations  12H,  21R,  and  27R 
refer  to  the  so-called  "AIN"  polytypes.10  In  tins  system  there  seems  to  be  an 
intimate  relationship  between  liquid  formation  and  the  appearance  of  the  various 
polvtypes.  Further,  the  morphology  of  the  polytypes  are  variable  and  seem  to 
reflect  the  difficulty  .in  attainment  of  equilibrium.  It  is  our  conclusion  from 
this  work  in  the  vicinity  of  the  AI.ON  stability  field  and  also  other  parts  of  this 
system  that  some  of  the  poly types  are  mctastable  products  of  quenched  or  poorly 
quenched  liquids.  We  have  not  yet  determined  how  to  differentiate  between  AIN 
polytypes  which  arc  metastable  from  those  which  are  not.  Hence,  in  Figure  1 we 
have  "dashed  in"  all  the  phase  boundaries  dealing  with  polytypes  and  in  some  cases 
have  not  differentiated  between  a liquid  and  the  polytypes . 

There  is  a relatively  wide  range  of  compositional  stability,  roughly  centered 
at  55.7  mole  % AIN,  and  a maximum  in  thermal  stability  at  about  2050  C.  At  this 
point  ALON  seems  to  melt  incongrucntly  into  one  alumina-rich,  stable  liquid  and 
one  nitride-rich,  unstable  (volatile)  liquid.  At  about  2000  C on  the  AlN-rich 
side  of  the  single-phase  field,  vaporization  increases  dramatically  which  kineti- 
eallv  seems  to  influence  reactions  in  the  single-phase  region. 

As  previously  indicated  by  McCauley11  a constant  anion  spinel  model  seems  to 
predict  an  ALON  composition  at  55.7  mole  % AIN.  Using  the  chemical  formula 
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Figure  1.  Proposed  isobaric  (1  atm  of  flowing 
N3)  high-temperature  phase  relationships  in  the 
region  of  ALON  stability  in  the  pseudobinary 
AI2O3-AIN  composition  join. 
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CU  0-_  N obtained  from  this  model  the  following 

(64  + x)/o  (S  - x)/o  o2  - x x 

composition  for  N = 5 can  be  calculated: 

AI23O27N5  = 5 AIN *9  A1203. 

Crystalline  solution  stability  limits  were  determined  by  detailed  reflected 
light  microscopy  and  refined  lattice  parameters.  Figure  2 illustrates  the  phase 
assemblages  on  the  37.5  mole  % AIN  composition  line  on  either  side  of  an  apparent 
phase  boundary  line  between  the  ALON  single-phase  field  and  the  liquid  plus  ALON 
and  12H  poly type  region.  Note  the  dramatic  disappearance  of  porosity  in  Figure  2a 
and  the  concurrent  appearance  of  liquid.  The  liquid  and  12H  polytype  appear  as 
the  lighter  colored  intergranular  phases  in  Figure  2a;  in  Figure  2b  the  darker 
circular  areas  are  remnant  porosity.  This  liquid  occasionally  quenches  to  a non- 
crystalline phase,  but  also  crystallizes  into  various  types  of  AIN  polytypes,  in 
this  case  the  12H  polytype.  Figure  3 illustrates  the  microstructure  of  the  ALON 
plus  liquid  region  on  the  Al203-rich  side  of  the  single-phase  field. 


a.  2025  C in  Liquid  * ALON(SS)  Field;  10.04  Wt%  Loss 


b.  1075  C • in  ALOM(SS)  Field;  2.SS  Wt'V  Loss 


Fiquie  2.  Mict ostmeun es  of  phase  assemblages  in  the  AI0O3  AIN  system;  37.5  mole  % AIN. 
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a.  ALON(SS)  •*  Liquid 


b.  ALON(SS)  + Liquid 


c.  Etched 


Figure  3.  Microstructurcs  of  phase  assemblages 
in  the  AI2O3-AIN  system;  25  mole  % AIN; 

T - 2025  C. 
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In  order  to  confirm  the  microstructural  ly  determined  range  of  ALON  crystal- 
line solution,  refined  lattice  parameters  were  determined  by  a least -squares 
technique  on  X-ray  powder  diffraction  data.  These  data  are  illustrated  in  Figure 
! along  with  those  obtained  by  Lcjus7  on  material  fabricated  at  1700  C.  There  is 
about  a five  mole  % AIN  difference  between  a least-squares  line  through  the  1975  C 
data  and  the  Lejus  line.  The  difference  can  possibly  be  ascribed  to  a higher  oxygen 
content  of  the  latter  material  or  the  sluggish  reaction  rates  at  1700  C.  Hie  equa- 
tion for  this  line  is  indicated  on  the  figure. 

ALON  ceramics  of  various  nitrogen  compositions  can  be  sintered  using  the 
experimental  conditions  previously  indicated  to  99%  of  theoretical  density.  The 
theoretical  densities  were  calculated  using  the  constant  anion  model  and  the  re- 
fined lattice  parameters.  Figure  5 shows  a typical  set  of  characterization  data 
en  a series  of  runs  at  37.5  mole  % AIN.  By  relating  these  data  to  the  microstruc- 
tures illustrated  in  Figure  2 it  can  be  seen  that  the  appearance  of  liquid  results 
in  a dramatic  increase  in  volatility,  represented  by  weight  percent  loss  on  the 
figure;  percentage  of  theoretical  density  is  also  indicated  in  parentheses.  A 
reaction  and  sintering  scheme  is  also  indicated  on  the  figure. 


Reaction  and  Sintering  ■+  Sintering  (No  Liquid)  -*■ 
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Figure  4.  Refined  lattice  parameters  of  cubic  aluminum  oxynitride  spinel  (ALON) 
as  a function  of  mole  % AIN  at  1975  C. 
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Figure  5.  Variation  of  density  and  weight  percent  loss  with  temperature  (1  -hr  runs)  of  37.5  mole  % AIN  mixtures. 


A preliminary  apparent  decrease  in  density  occurs  during  formation  of  ALON,  caused 
by  the  diminishing  amount  of  the  higher  density  a-Al203.  Optimum  properties  and 
liquidless  sintering  must  be  carried  out  below  about  2000  C to  prevent  the  forma- 
tion and  subsequent  vaporization  of  a liquid  phase.  Residual,  quenched  liquid, 
either  as  a noncrystalline  phase  or  as  one  of  the  "AIN"  polytypes,  will  have  a 
large  effect  on  the  properties  of  the  material . Note  the  increase  in  density  for 
the  material  sintered  for  three  hours. 

Formation  of  sintered,  single-phase  ALON  ceramics  free  of  second  phases  can 
be  easily  accomplished  in  the  single-phase  field.  Figure  6 illustrates  a typical 
microstructure  of  material  exhibiting  a relatively  large  amount  of  remnant  poros- 
ity. This  material  seems  to  react  and  sinter  quite  rapidly  into  a uniform  grain 
size  microstructure.  For  our  experimental  conditions,  grain  growth  is  quite  rapid, 
with  an  average  cize  somewhere  between  50  and  100  um.  An  abundance  of  apparent 
spinel-law  ({111})  twins  is  also  evident  in  Figure  6b,  which  seem  to  polish  at 
different  rates,  since  some  are  elevated  and  others  are  recessed.  A small  increase 
in  sintering  temperature  (1975  C to  2025  C)  results  in  much  reduced  residual  poros- 
ity and  a microstructurc  that  only  microscopic  defocussing  at  low  magnification 
(Figure  7a)  will  resolve  the  grain  boundaries;  scanning  electron  micrographs  of 
fracture  surfaces  of  this  same  material  arc  illustrated  in  Figures  7b  and  c to 
further  illustrate  the  microstructurc. 

Preliminary  properties  arc  now  being  measured  on  sintered  ALON  materials. 
Figure  8 illustrates  a polished  disk  (0.035"  thick)  of  a 50  mole  % AIN  material 
exhibiting  a high  degree  of  transparency;  the  word  ALON  is  behind  the  disk. 

This  same  material  has  a hardness  of  up  to  1850  Knoop  (100  g) , an  elastic  modulus 
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Figure  8.  Transparent  disk  of  single-phase 
cubic  aluminum  oxynitride  spinel. 
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(ultrasonic)  of  46  x 106  psi,  a dielectric  constant  at  10  MHz  of  S.56,  a visible 
light  (0.55  pm)  refractive  index  of  1.77,  and  an  infrared  cutoff  of  5.20  pm. 

Heat  treatment  in  air  for  20  hours  at  1100  C resulted  in  a negligible  weight  gain 
of  0.03  wt%,  indicating  an  excellent  oxidation  resistance  at  this  temperature. 


SUMMARY  AND  CONCLUSIONS 

A refined  high  temperature  phase  diagram  in  the  region  of  stability  of  cubic 
aluminum  oxynitride  spinel  (ALON)  along  the  AI2O3-AIN  composition  join  has  been 
determined.  This  material  can  also  be  described  as  nitrogen-stabilized  cubic 
aluminum  oxide.  Using  this  newly  determined  diagram,  single-phase  ALON  has  been 
reactively  sintered  to  nearly  full  density.  Sintering  is  carried  out  quite  easily 
and  polished  thin  disks  exhibit  visible  light  transparency.  The  lattice  parameter 
of  ALON  varies  with  composition  from  7.938  X for  30  mole  % AIN  to  7.951  X for 
37.5  mole  % AIN  sintered  at  1975  C.  At  this  temperature  the  limit  of  ALON  crystal- 
line solution  is  from  40  to  about  27  mole  % AIN. 
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1 DAMA-CSS,  Or.  J.  Bryant 

1 MMA-PPP,  Mr.  R.  Vaster 

Cowander,  U.s.  Army  Research  amt  Development  Office,  Chief 
Re'carch  and  Development.  Washington,  II, C,  7031 S 
l ATTN:  Physical  and  engineering  Sciences  Division 

Coerundcr,  Army  Research  Office,  P.0.  Bov  17711,  Research 
Triangle  Pari,  North  Cawlina  77709 
! ATTN:  Information  ^recessing  Office 
1 0*.  G.  Mayer 

1 Or,  J.  Hurt 

Coaroander,  U.S,  Amy  Materiel  Development  and  Readine,, 
Coamand,  S001  lisenhpwrr  Avenue,  Alexandria,  Virginia  77 33 3 
1 ATTN:  DRCPMO-ST 
l ORCIDC.  Mr.  R.  Centner 

Commander,  U.S.  Ariqy  lies t»x»n its  Research  and  Develo!*nent 
Corwand,  »ert  Morwouth,  Key*  Jersey  (17703 
1 ATTN:  OH  SO-l 

Cowwder,  U.S.  Amy  Materiel  Systens  Analysis  Activity, 
Aberdeen  Proving  Ground,  Maryland  71  DOS 
1 ATTN:  ORXSY.MP,  H.  Cohen 

Ctvmander , U.S.  Amy  Night  Vision  [lee iro-Opt  ics  laboratory. 
Tort  Bel  voir,  Virginia  770(0 
1 ATTN:  DfVNY-S,  Mr.  P.  Travoskv 
1 OiLNV-l *0,  Dr.  R.  Puser 

Cowander,  Harry  Diamond  laboratories,  7G00  Powder  Mill  Read, 
Adelphl,  Maryland  707H3 
1 ATTN:  Mr.  A.  Benderly 
1 Technical  Information  Off U e 

J IV  t HP-  RAF 

Cowander,  U.S.  Army  Missile  Re^eanh  and  Development 
Command,  Redstone  Arsenal,  Alabama  3SH09 
1 ATTN:  Mr.  P.  Orwsby 
l Technical  Library 

1 DRDM1-TB,  Redstone  Scientific  Information  Center 

Cowander,  U.S.  Arqy  Aviation  Research  and  Development 
Cowand,  P.0.  Box  ?0*i,  St.  louis,  Missouri  6.1lhf* 

1 ATTN:  DRIVW-tsT 
1 PRDAV-QI 

1 Technical  l ibrary 

Ccvrvinder,  u.s.  Arx\y  Natick  Research  am!  Development 
Comand,  Natick,  Massachusetts  017(pP 
I ATTN:  Technical  Library 
1 Dr.  J.  Hanson 

Ciw>ander,  U.S.  Amy  Satellite  fowunl  cat  ions  Agency, 

Fort  Monmouth,  New  Jersey  07 703 
1 ATTN:  Technical  Document  Center 

Cowander,  U.S.  Amy  Tank-Autorvt  ive  Research  and 
Development  Corrund,  Warren,  Michigan  4.‘lPdO 
1 ATTN:  Or.  W.  Bry.Mi 
l Mr.  I . Hamper i an 

1 D.  Rose 

1 DRUTA-RKA,  Or.  J.  Chrvalier 

1 DRPTA-UL,  Technical  Library 

1 (WOTA-h* 

Cowaeder,  li.S.  Army  Armament  Research  and  Dcveloprvnt 
Coward,  Dover,  New  Jersey  0 7 i V) l 
I A’T.V  M*".  J.  limx'n 
I >.  4.  if.'N1*  1 

3 'V.  A.  $r*4 

m-.  M — . i . gts*K.  r?»vxU«r 

: Wmj 

C”**  winder,  i .S.  Amy  Ar-*a**»nt  Materiel  Readiness  C(vru"«J, 

Roci  Island,  Illinois  Mr*3*3 
1 ATTN:  Technical  l ibrary 

Corrtardcr,  Aberdeen  Proving  Ground,  Maryland  7100S 
1 ATTN:  PRDAK-.fl  P-PS , Mr.  J.  Yrrvirr 


Cowander,  U.S.  Army  Mobility  Iqulpment  Research  and 
Oevelojwrnt  Comand,  fort  Bel  voir,  Virginia  77060 
1 ATTN:  DRlVU-iM,  Mr.  W.  McGovern 
1 DRDMl-V,  Mr.  1.  York 

1 DRDMt-X,  Mr.  H.  J.  Prior s 

Director,  U.S.  Amy  Ballistic  Research  laboratory, 

Aberdeen  Proving  Ground,  Maryland  7100S 
1 ATTN:  DHDAR-TSIUS  (ST  INFO) 

Commander,  Rod  Island  Arsenal,  RocV  Island,  Illinois  61799 
1 ATTN:  SARK l -IN 

Conrvinder,  U.S.  Amy  Test  and  l valuation  Cowand,  Aberdeen 
Proving  Ground,  Maryland  7100S 
1 ATTN;  [>RSl l -Ml 

Corrsaoder,  u.s.  Amy  Foreign  Science  and  Technology  (enter, 
770  7th  Street,  N.I.,  Charlottesville,  Virginia  77901 
1 ATTN:  Military  Tech.  Mr.  W.  Marley 

Chief,  Benet  Weapons  Laboratory,  LCWSL , USA  ARRADCOM, 
Walervlict,  New  YorV  17109 
l ATTN:  DRDAR-l  CB-Tl 

Comamier,  Watervliet  Arsenal,  Watery  lift.  New  York  1710° 
l ATTN:  IV.  T.  iiavidson 

Dim  tor.  lus'is  Directorate,  U.S.  Am\v  Mobility  Research 
and  JVvelopnent  Laboratory,  Fort  lust  is,  Virginia  73b04 
1 ATTN:  Nr.  J.  Robinson,  SAVDL-r-MOS  (AVKAPCON) 

1 Mr.  C,  Walker 

Corrsmdrr,  U.S.  Amv  [nglneer  Waterways  experiment  Station, 
V(c*sbu«q.  Mississippi  IMIMJ 
T ATTN-  Research  Center  Library 

Pmieit  Manager,  Munition*  Production  Base,  Modernl fallen 
and  Ixpansion,  l\>ver,  New  Jer*?v  07H01 
I ATTN:  DRCHi-PBM-P 

Technical  Director,  Human  Inglneering  l aboratories , 

Aberdeen  Proving  Gi'ound,  Maryland  7100S 
1 A1TN:  Technical  Reports  Office 

Chief  of  Naval  Research,  Arlington,  Virginia  7771 7 
1 ATTN:  Code  471 
l Dr.  A.  1)1  ness 

1 Dr.  R.  Pohanfa 

Naval  Resnan  li  taboratorv,  Wasliington,  D.C.  703 7 b 
1 ATTN:  Dr.  J.  N.  kraffl  - Code  0430 
1 fir.  R.  Rice 

1 Pr.  Jim  C. . I.  Chang 

Headquarters , Naval  Air  Systems  Cowand, 

Washington,  U.C.  POlbO 
1 ATTN:  Code  S703 
1 Code  MAT-047N 

1 Mr.  C.  r.  Bersih 

1 Mr,  1.  Mac  hi  in 

Headquarters , Naval  Sea  Systems  Command,  W4l  Jefferson 
Davis  Mighwav,  Arlington,  Virginia  77  376 
I ATTN:  Code  (TJS 

Headquarters,  Naval  rlectinnicv  ’'ystmv  Cnwand, 

Washington,  U.C.  70360 
1 ATTN:  Code  S04 

Commander,  Naval  Ordnam  e Station,  louisville, 

Kentucky  40714 
1 ATTN:  Code  0S 

Commander,  Naval  Material  Industrial  Resources  Office, 
Building  S 3 7 - 7 , Philadelphia  Naval  Base,  Phi ladelphia , 
Pennsylvania  1*1117 
1 ATTN:  Technical  Uirecter 

CorwMiider,  Naval  Weapons  Center,  China  lake, 

California  9JSSS 
1 ATTN;  Mr.  t.  Markarlan 

1 Mr.  I,  Tcppo 

1 Mr.  H.  RUihie 

Commander,  U.S.  Air  Force  of  Scientific  Re\ra»\h, 

Building  410,  Polling  Air  force  Base.  Washington,  D.C.  70 J 37 
1 ATTN:  MAJ  W.  Simmons 

C«v*evmder,  U.S.  Air  for»e  Materials  laboratory,  Wright- 
Pat  terson  Air  Force  Base,  Ohio  4S433 
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Florida  37  M7 
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National  Aeronautics  and  Space  Administration, 

Washington.  O.C.  20546 
1 ATTN:  Mr.  C.  C.  Deutsch  - Code  RW 
1 Mr.  J,  Ginfltr 

1 AfSS-AD,  Office  of  Scientific  and  Technical  Information 

National  Aeronautics  and  Space  Administration,  Levis  Research 
Center,  71000  Brookpark  Road,  Cleveland,  Ohio  44135 
1 ATTN:  J.  Accurfo.  USAWOl 
I Or.  K.  8.  Probst.  KS  49-1 

1 Or.  R.  Ashbrook 

1 Or.  S.  Outta 

1 Mr.  C.  Blankenship 

National  Aeronautics  and  Space  Administration,  Langley 
Research  Center,  Hampton,  Virginia  7366S 
I ATTN:  Mr.  J.  Buckley.  Mall  Stop  387 

Coounder,  White  Sands  Missile  Range,  electronic  Warfare 
Laboratory.  ONCW.  IAA0C0M,  White  Sands.  New  Mexico  8800? 

1 ATTN:  Mr.  Thomas  Reader,  DRSU-WIM-K 

Department  of  Energy.  Division  of  Transportation, 

70  Massachusetts  Avenue,  M.W.,  Washington,  D.C.  70545 
1 ATTN:  Mr.  George  Thwr  (TEC) 

1 Mr.  Robert  Schulz  (TtC) 

1 Mr.  John  Neal  (CINTT) 

1 Mr.  Steve  Wander  (rossll  fuels) 

Department  of  Transportation,  400  Seventh  Street,  S.W., 
Washington.  O.C.  70590 
1 ATTN:  Nr.  M.  Laurlente 

1 Mechanical  Properties  Oata  Center,  Belfoyr  Stulen  Inc., 

13917  W.  Bay  Shore  Drive,  Traverse  City,  Michigan  49684 

National  Bureau  of  Standards,  Gaithersburgh,  Maryland  70760 
1 ATTN:  Or.  S.  Wlederhom 

1 Or.  J.  B.  Machtman 

National  Research  Council,  National  Materials  Advisory 
Board,  7101  Constitution  Avenue,  Washington,  D.C.  70418 
1 ATTN:  Dr.  W.  Prtndle 

1 D.  Groves 

1 R.  «.  Spriggs 

National  Science  foundation,  Washington,  O.C.  70550 
1 ATTN:  B.  A.  Wiico* 

Admiralty  Materials  Technology  Fstabl Ishmrnt , Polle,  Dorset 
BMU  6JU.  United  kingdom 
1 ATTN:  Or.  0.  Godfrey 

I Dr.  M.  Llndley 

A 1 Research  Manufacturing  Company.  AlResearch  Castlnq  Company, 
7S7S  West  190th  Street,  Torrance,  California  <*0505 
1 ATTN:  Mr.  A.  Styhr 

AlResearch  Manufacturing  Company,  Materials  tnglneerlnq  Oepl . , 
111  South  34th  Street.  P.0,  hot  5717,  Phoenix,  Arizona  85010 
1 ATTN:  Mr.  0.  W.  Richerson.  MS  93-393/S03-44 

AvCO  Corporation.  Applied  Technology  Division,  lowetl 
Industrial  Rark,  Lowell,  Massachusetts  01887 
1 ATTN:  Dr.  T.  Vasllos 

Carborwndt*  Company,  Research  and  Development  Division, 

P.0.  Box  1054,  Niagara  falls.  New  York  14307 
1 ATTN:  Or.  J.  A.  Coppola 

Case  Western  Reserve  University.  Department  of  Metallurgy, 
Cleveland,  Ohio  4410b 
\ ATTN:  Prof.  A.  M.  Heuer 

Ctetnini  Cnglne  Company,  Colirdms,  Indiana  47701 
1 ATTN:  Mr.  R.  Kamo 

Defence  Research  TslabHshment  Pacific,  fMO,  victoria,  B.C.. 
VOS  ISO,  Canada 
1 ATTN:  R.  0.  Barer 

Deposits  and  Composites,  Inc.,  1B71  Michael  faraday  Drive, 

Res ton.  Virginia  77090 
1 ATTN:  Mr.  R.  [.  tngdahl 

electric  torer  Research  Institute,  P.0.  Bo*  10417, 

341?  Hlllvlfw  Avenue,  Palo  Alto,  California  94304 
1 ATTN:  Dr.  A.  Cohn 

turopean  Research  Office,  773  Old  Maryleborne  Road,  London, 

NWl  - Sth.  England 
1 ATTN:  Dr.  R.  Quattrone 

1 IT  COL  James  Kennedy 

ford  Motor  Company,  Turbine  Research  Department, 

70000  Rotunda  Drive,  Dearborn,  Michigan  4B171 
1 ATTN:  Mr.  A.  f.  McLean 

1 Mr.  E.  A.  Fisher 

1 Mr.  J.  A.  Mangels 

General  Electric  Company,  Research  and  Devrle.wnt  Center, 

Bo*  8,  Schenectady,  New  York  12345 
I ATTN:  Dr,  R.  J.  Charles 

1 Dr.  C.  0.  Greskovich 

1 Dr,  S.  Prochazka 

General  Motors  Corporation.  K\.  soar*  . division,  flint, 
Michigan  48556 
1 ATTN:  Dr.  M.  Berg 

Georgia  Institute  of  Technology,  ffS.  Atlanta,  Georgia  30332 
1 ATTN:  Mr.  J.  D.  Walton 


GTE  Sylvanla.  Waltham  Research  Center,  40  Syl vanla  Road, 
Waltham,  Massachusetts  07154 
1 ATTN:  Dr,  C.  Quackenbush 
1 Dr.  W.  H.  Rhodes 

UT  Research  Institute,  10  West  35th  Street, 

Chicago,  Illinois  60616 

1 ATTN:  Mr.  S.  Bortz,  Director,  Ceramics  Research 

Institute  fur  Uerkstoff-forshung,  DfVLR,  505  Porz-Wahn, 

Under  Hohe,  Germany 
1 ATTN:  Dr.  W.  Bunk 

1 Or.  H.  Knoch 

International  Harvester,  Solar  Division,  7200  Pacific  Highway, 
P.0.  Box  80966,  San  Diego.  California  97138 
1 ATTN:  Dr.  A.  Metcalfe 

1 Ms.  M.  E.  Gulden 

Kaweckl  Beryl co  Industries,  Inc.,  P.0,  Bo*  1467, 

Reading,  Pennsylvania  19603 
1 ATTN:  Mr.  R.  J.  longenecker 

Martin  Marietta  Laboratories,  1450  South  Rolling  Road, 
Baltimore,  Maryland  21277 
1 ATTN:  Dr.  J.  Venables 

Massachusetts  Institute  of  Technology,  Department  of 
Metallurgy  and  Materials  Science,  Cambridge, 

Massachusetts  02139 
1 ATTN:  Prof.  R.  t.  Coble 
I Prof.  H.  K.  Bowen 

1 Prof,  W.  D.  Kingery 

Materials  Research  laboratories,  P.0,  i!»>»  50,  Ascot  Yale, 

VIC  3037.  Australia 
1 ATTN:  Or.  C.  W.  Weaver 

Midwest  Research  Institute,  475  Volker  Boulevard, 

Kansas  City,  Missouri  64110 
1 ATTN:  Mr.  Gordon  W.  Gross,  Head,  Physics  Station 

Norton  Company,  Worcester,  Massachusetts  0160b 
1 ATTN:  Dr.  N.  Ault 
1 Dr.  M.  L.  Tortl 

Pennsylvania  State  University,  Materials  Research  Laboratory, 
Materials  Science  Department,  University  Park, 

Pennsylvania  16807 
1 ATTN:  Prof.  R.  Roy 

1 Prof.  R.  L,  Newnham 

1 Prof.  R.  £.  Tressler 

1 Prof.  R.  Bradt 

1 Prof.  V.  S.  Stublcan 

PSC.  Bo*  1044,  AP0  San  franc iscn  96J7K 
1 ATTN:  MAJ  A.  Anthony  Borges 

RIAS,  Division  of  the  Martin  Company,  Baltimore,  Maryland 
1 AT  IN:  Dr.  A.  R.  C.  Westwood 

Royal  Aircraft  tslabl 1 shment , Materials  Department, 

R 17,1  Building,  farnborouqh,  Hants,  Ingland 
1 ATTN:  Dr.  N.  Curncy 

Shane  Associates,  Inc.,  7871  Carrlelgh  Parkway, 

Springfield,  Virginia  771S7 
1 ATTN:  Dr.  Robprt  S.  Shane,  Consultant 

Stanford  Research  International , 333  Ravenswood  Avenue, 

Menlo  Park,  California  94075 
1 ATTN:  Dr,  P»  Jorgensen 

1 Dr.  D.  Rowel  If fe 

State  University  of  New  York  at  Stony  Brook. , Department  of 
Materials  Science,  long  Island,  New  York  1790 
1 ATTN:  Prof,  franklin  f.  Y.  Wang 

United  Technologies  Research  Center,  last  Hartford, 

Connecticut  06l08 
1 ATTN:  Or.  J.  Brennan 

I Dr.  r,  Galasso 

University  of  California,  Laurence  Livermore  laboratory, 

P.0.  Bo*  808,  Livermore,  California  94550 
1 ATTN:  Mr.  R.  Landingham 

1 Dr.  C.  r.  Cline 

University  of  Tier Ida,  Department  of  Materials  Silence  and 
Engineering,  Gainesville,  Florida  37601 
1 ATTN:  Dr.  L.  Hench 

University  of  Newcastle  Upon  Tyne,  Department  of  Metallurgy 
and  Engineering  Materials,  Newcastle  Upon  Tyne,  NT  I 7 RU, 
England 

1 ATTN:  Prof.  K.  N.  Jack 

University  of  Utah,  College  of  engineering.  Division  of 
Materials  Science  and  Engineering,  Salt  lake  City,  Utah  84117 
I ATTN:  Prof.  I.  B.  Cutler 

University  of  Washington,  Ceramic  Engineering  Division,  ID-10, 
Seattle,  Washington  98195 
1 ATTN:  Prof.  James  1.  Mueller 
1 Prof.  A.  E.  Gorum 

Westinghouse  Electric  Corporation,  Research  Laboratories, 
Pittsburgh,  Pennsylvania  15735 
1 ATTN;  Dr.  R.  J.  Bratton 
1 Dr.  B.  Rosslng 

Director,  Am\y  Materials  and  Mechanics  Research  Center, 
Watertown,  Massachusetts  02172 
7 ATTN:  0RXHR-PI 
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